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Resonance frequency of freestanding, square-shaped thick metal screens have been studied here in
the wavelength range of infrared (IR) to mm (20 to 0.2 THz). It was found that their peak
transmission has a linear relationship to the screen’s pitch. An experimental spectral feature,
unaccounted for in typical simulations with plane parallel incident beams, was observed in the
transmittance envelope for measurements in focused beams. In the past, this spectral feature was
assigned to Wood’s anomaly. Yet, unlike the latter, the observed spectral feature appears here in the
long wavelength regime as well. We investigated this phenomenon for a large frequency range and
assigned the spectral feature to the formation of a photonic band gap at oblique incidence. Many IR
Fourier transform spectrometers use a noncollimated incident beam and such spectral features will
appear whenever the local state of polarization includes components which are parallel to the plane

of incidence. © 2008 American Institute of Physics. [DOI: 10.1063/1.2955765]

I. INTRODUCTION

Freestanding thick metal screens, with a ratio of thick-
ness to periodicity constant larger than 0.1, have been con-
structed in the short' and long wavelength reglons ? Their
transmittance was investigated from the visible to the tera-
hertz spectral region due to their important role in astronomy
[in particular, infrared (IR) astronomy*] and remote sensing.
In general, filters are able to discriminate desired IR signals
from more energetic short wavelength radiation, allow color
temperature measurements, provide order sorting for grating
spectrometers, and improve the signal-to-noise ratio of Fou-
rier transform (FT) spectrometers. Square-shaped freestand-
ing metal screens are commercially available and have been
used as bandpass filters,” reflectors for long IR wavelengths,
Fabry—Perot etalons,6 and antennas.’

Previously, most of the application driven spectral inves-
tigations were conducted at normal incidence. Interpretation
of the transmission data was conveniently made by using a
coupled surface plasmon (SP)/wave model.”® In the model,
incident light excites a compound mode. The compound
mode consists of surface waves on both sides of the screen,
which are coupled by waveguide modes in the screen
openings.gf13 One speaks of SPs when the complex refractive
index'" is used and of surface waves when surface imped-
ance boundary conditions'® are applied. Transmittance
through screens is characterized by peak wavelength, peak
height, and width. The transmittance depends on geometrical
parameters such as screen pitch, size of screen opening, and
screen thickness. For example, cross-shaped screens exhibit
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one dominant transmission peak with no secondary peak
within its envelope. An empirical formula'® relates the reso-
nance wavelength to the geometrical parameters; simulations
with plane waves using a transmission line matrix (TLM) pro-
gram reproduce the peak wavelength within a few percent.8

In this paper we present experimental and simulation
results for the transmittance of freestanding square-shaped
metal screens with periodicity constants ranging over two
orders of magnitude (12.7-1270.0 um), all having thick-
nesses around 4 um. Spectra were taken with blackbody,
synchrotron, and terahertz sources. Yet, interpretation of the
experimental data in terms of the modes, described above,
presents a problem in our case. Simulations with a plane
parallel incident wave at normal incidence exhibited only
one dominant transmission peak while two peaks were ob-
served experimentally. In the past, minima within the peak
envelope have been assigned to Wood’s anornaly.w’18 Wood’s
anomaly, though, is a diffraction phenomenon where a high
order of diffraction propagates at grazing angle with respect
to the screen. As such, it is limited to wavelengths shorter
than the periodicity pitch.19 Here we reconsider screen fea-
tures to be much smaller than the incident wavelength (the
long wavelength regime) and propose that the split in the
transmission peak is related to a photonic band gap, which
opens up between two standing waves (two resonance
modes). Such modes are typically excited by a p-polarized
incident beam and should not appear when the screen is ex-
cited by plane parallel light at normal incidence. In order to
maximize their throughputs, most IR spectrometers are con-
structed with a focused rather than collimated incident beam
on the sample. Splitting in the transmission peak appears
whenever the incident beam is not collimated. If the incident
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TABLE I. Screen parameters.

J. Appl. Phys. 104, 023103 (2008)

(L/in)* () (L) Wn? (THz)® wLf Formula: 075g+05L
2000 12.7 7.6 666.7 20.00 15.0 1333
1500 16.4 1.2 476.2 14.29 21.0 17.90
1000 25.4 18 354.6 10.64 28.2 28.05
750 33.9 25.1 264.6 7.92 37.8 37.98
500 50.8 39.4 1773 5.32 56.4 57.80
400 63.5 49.3 140.8 423 71.0 72.28
200 127.0 106.7 69.4 2.08 144.1 148.60

55 461.8 367 19.7 0.59 507.6 529.83

40 635.0 559 14.0 0.42 7143 755.75

20 1270.0 1178 6.7 0.20 1492.5 1541.50
“Lines/in.

bPeriodicity constant.

“Length of square opening.
Resonance frequency in wavenumber.
‘Resonance frequency in terahertz.

'Resonance wavelength in micrometers. All screens are 3—5 um thick.

beam is collimated, then the transmittance dip only appears
at oblique incidence.

Il. EXPERIMENT

Freestanding, square-shaped, electroformed nickel
screens are commercially available from Buckbee—Mears.
The screens, designated by their number of lines per inch,
geometrical parameters, peak wavelength, and resonance
data are compiled in Table I. Blackbody, synchrotron, and
terahertz sources were used in this spectral study. We used
Brucker IFS 66v/S and Mattson Galaxy FTIR spectrometers
with room temperature detectors to study screens 200, 400,
500, 1000, 1500, and 2000 (Fig. 1). Multiple screens 2000
and 750 were studied at noninterference separations. Screens
55, 40, and 20 were studied with blackbody radiation using
the Brucker IFS 66v/S FTIR spectrometer with a He-cooled
detector, with the synchrotron light source ANKA at the Re-
search Center Karlsruhe in Germany, and with a terahertz
source equipped with room temperature detectors [(Picome-
trix T Ray-2000™ terahertz system) available at NJIT (Fig.
2).

Far-IR (FIR) FT spectrometers employing blackbody ra-
diation sources typically use a large input solid angle to in-
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FIG. 1. Transmittances of nickel screens of 2000, 1500, 1000, 500, 400, and
200 lines/in. obtained with Brucker FIR spectrometer at diverging incident
angle of 17°.

crease their throughput, and consequently, their signal-to-
noise ratio. The instrument is designed such that the product
of area and solid diverging angle is maintained constant
(beam area X solid angle=constant) throughout the spec-
trometer. As a result, a certain fraction of the incident beam
remains noncollimated. The synchrotron radiation and the
terahertz source of the T Ray-2000™ system are better col-
limated than the beam generated by a blackbody source. In
addition, T Ray-2000™ produces more output power than
the other two systems, which allows shorter measurement
times. Air was taken as reference. An aluminum aperture of 7
mm diameter was used for all samples. The spectral reso-
lution was 1/80 THz.

lll. THEORETICAL CONSIDERATIONS

We consider incident light impinging on a periodic free-
standing metal screen of periodicity g at oblique incident
angle 6 (Fig. 3). Rectangular coordinates x and y are as-
sumed for the screen surface. The plane of incidence is de-
fined by the incident beam direction and the normal to screen
surface and its projection follows the x direction. We define
the p polarization for electrical vectors that are in the plane
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FIG. 2. Transmittances of nickel screens of 55, 40, and 20 lines/in. obtained
with blackbody, synchrotron, and terahertz laser radiation. Blackbody (thin
black) and synchrotron (gray) radiation were made by using Brucker FIR
spectrometer at a nonstandard position where the beam is most collimated
(right after the system interferometer). The terahertz laser source (thick
black) had a beam width of 7 mm.
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FIG. 3. Incident, transmitted, and reflected light. (a) Schematic of a square-
shaped structure. (b) Incident light excites on the front side surface waves,
coupled by vibrations to the backside, and leaving the screen in direction of
the transmitted light, in a similar process as for reflection on the front side.

of incidence and s polarization when the electrical vector is
normal to it.*’ A compound mode is excited within the metal
screen. Surface waves on both sides of the screen are
coupled by waveguide modes in the screen openings. The
rectangular channels (waveguides) support TM modes for
incident p polarization and TE modes for incident s polariza-
tion. The transmitted and reflected beams are a combination
of standing and propagating waves, and are schematically
shown in Fig. 3.

Let us consider the projection of an incident beam that
propagates along the x direction, ko, =k sin(6). The k vector
of the surface wave propagating at the air/metal boundaries
is written as k,=ko(&,,e/ €,n+€0) "%, with g, as the dielectric
constant of metal and g, as the dielectric constant of air.
When considering an ideal metal, g, <0, and therefore k;
~ky. The coupling to a surface wave takes place via the
periodic structure with pitch g, at angle 6. Therefore, the
excited surface wave along the x direction has a propagation
constant of, k,, =k, sin(6)+¢2m/g, where g==*1,+2, ...
The frequency is defined as w=w(k,,)=c[k, sin(0)+q2m/ g].
The values of w(k) in the extended Brillouin zone and trun-
cated zone (gray area) are schematically shown in Fig. 4. We
use the light line w=ck for dispersion relations. The remain-

‘e r R Light line

Light line e (NI (NN / o =ck

o =-ck \.\
S - wr-

0% wo 2wat  3n/g

FIG. 4. Dispersion relation w(k) (p polarization) schematically in an ex-
tended Brillouin zone diagram with the w(k) values in each zone obtained
by folding over the light line w=ck. We have indicated equivalent kg values,
such as +27/ g +(w/c)sin(6) and +27/ g —(w/c)sin(6).
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FIG. 5. Simulations with HFss: Transmittance of s- and p-polarized beams
for screen 1500 at angles 0°, 5°, 10°, 15°, 20°, and 25°. (a) p polarization.
(b) s polarization.

ing projection of the incident beam is a standing wave whose
electric field is oscillating parallel to the screen surface (and
therefore, may be also called the longitudinal optical mode).
The light line, w=cky, determines the corresponding
frequencies in the extended Brillouin zone for &k,
(kg :[—7/ g,/ g]). The light line itself indicates the limiting
values for the resonance frequencies for this one-dimensional
case. There are two frequencies associated with a given
launching angle #: these are w™ and w* corresponding to k_,
and k;, respectively. The difference frequency Q=w]—w]
defines a frequency gap. At normal incidence, #=0, the inci-
dent beam generates two counterpropagating surface waves,
ko= * g2/ g, and the gap disappears. It has fourfold degen-
eracy; two opposite components, each along the x and y di-
rections, respectively.

The effect of the geometrical shape of the openings may
be represented by the transfer function H(g,L,t), where L is
the opening dimension and ¢ is the thickness of the screen.
For the metal screens we then have k,=(w/c)H(g,L,1)
X (&,,&0/ €m+€0)?> and the resonance frequency @ maybe
approximated accordingly. Yet, for thick screens, the situa-
tion is far more complex and requires solution of the full
wave equation. Calculations of w] and @, were made by
solving Maxwell’s equations with the appropriate boundary
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FIG. 6. Experiments: Transmittance of s- and p-polarized beams for screen
1500 at angles 0°, 5°, 10°, 15°, 20°, and 25°. (a) p polarization. (b) s
polarization.

conditions as made with the Fourier modal method® or by
using space harmonics.” In this paper, we use the TLM
method for normal incidence and the Ansoft HFSS package
for oblique incidence.

IV. DISPERSION RELATIONS FOR (2* AND (2~

Analysis for collimated beams at oblique incidence was
made using Ansoft HFSS program. We explored screen 1500
at incident angles of 0° through 25°, both for s and p polar-
izations (Fig. 5). Only the p-polarization component exhib-
ited peak splitting at incidence angles of 5°—25° (that is, all
but the normal incidence case). Experiments corroborating
the simulations were made with the Brucker spectrometer.
Linearly polarized light, incident at 0° through 25°, with
either s or p polarization was used (Fig. 6). There is good
agreement between experiments and simulations for oblique
incidence; peak splitting is observed for the p polarization
but not for the s polarization.21 In Fig. 7, we plot the disper-
sion relations for experimental and simulated data with both
polarization states. A frequency gap is exhibited for p polar-
ization, but not for s polarization. However, experimental
data for normal incidence exhibit a dip in the peak envelope
for both polarizations while the simulations do not.

We repeated the simulations with screens 500, 1000, and
1500 at normal incidence using the TLM program, assuming a
plane parallel incident beam (Fig. 8). A single transmission
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FIG. 7. (Color online) Dispersion relations as peak frequency [cm™'] vs
kg=k, sin(6) for s- and p-polarized beams for screen 1500 at angles of
0°-25°. Experiments: solid lines. Simulations: Broken lines. (a) p polariza-
tion. (b) s polarization.

peak is exhibited throughout the entire bandpass spectral re-
gion unlike the experimental data. Experimental results ob-
tained with terahertz source with screen 55 at normal inci-
dence (Fig. 9) exhibited a dip in the transmittance spectra as
well.

Our hypothesis is that the split in the experimental trans-
mission peak is due to the existence of local p-polarized
component in the incident beam. IR FT spectrometers em-

1.00

Transmittance

0.00 | | I - I | |
50 150 250 350 450 550
Wavenumber [cm-1]

650

FIG. 8. Transmittance of nickel screens of 500, 1000, and 1500 lines/in.
(black) obtained with Brucker FIR spectrometer at converging incident
angle of 17°. (Gray) Simulations at normal incidence, assuming plane par-
allel beam.
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FIG. 9. Experiment with laser light: Transmittance of s- and p-polarized
beams for screen 55 at normal incidence. (a) s polarization. (b) p
polarization.

ploy extended sources and large f numbers to obtain suffi-
cient throughput. Thus, a fraction of the beam is diverging
even at normal incidence. Local states of p polarization may
be identified for each of the azimuthal angles (Fig. 10). This
is true for linearly p-polarized components at oblique inci-
dence as well. This hypothesis is supported by transmittance
studies for the same screen (2000) using two IR spectrom-
eters with different f numbers. The Bruker FTIR has an f/3.3
beam in the sample chamber. Therefore, each measurement
was done not at a single angle of incidence 6, but rather for
the range of angles #= 8°. This focused beam differs from
the plane wave used in the numerical calculations and must
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FIG. 10. (Color online) Schematic of experimental and simulations setup
with respect to polarization: (a) Simulations with collimated incident beam
at normal incidence. (b) Simulations with collimated incident beam at ob-
lique angle, p and s polarizations with respect to the plane of incidence. (c)
The same as (b) for the fraction of noncollimated light at an azimuthal
angle. (d) At normal incidence, the same as (c) for a number of azimuthal
angles.

J. Appl. Phys. 104, 023103 (2008)

2000

o A

A\

J N\
g e

0 5 10 15 20 25
Wavelength [um]

Transmittance

FIG. 11. Transmittance of one screen 2000. (Black) Brucker FIR spectrom-
eter with 17° cross section opening angle at sample area. (Gray) Mattson
near IR spectrometer with 3°—5° cross section opening angle at sample
area.

be taken into account when comparing theory and experi-
ment. The Mattson and Picometrix systems had a better col-
limated f/12 beam. The transmittance becomes a single peak
when measured using spectrometer with the larger f number,
i.e., the spectrometer having the smaller beam solid angle
incident on the sample (Fig. 11). Further support was ob-
tained from transmittance measurements of two screens and
three screens placed apart at noninterference distances. The
transmittance of one, two, and three screens (750) show suc-
cessive reduction of transmittance [Fig. 12(a)], while two
screens placed at an angle show a third peak on the long
wavelength side [Fig. 12(b)] as expected (Fig. 6).

750
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(a) Wavelength [um]

750

=
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15 25 35 45 55 65 75 85 95
(b) Wavelength [um]

FIG. 12. (Color online) Transmittance of several 750 screens. (a) (Gray)
One screen. (Bold black) Two screens. (Black) Three screens. (b) Two
screens at an angle of 15°.
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FIG. 13. Phenomenological assessment: Peak resonance wavelength as a
function of periodicity constant g. (White square) Experiment. (Black tri-
angle) Empirical formula. The formula is N\p =0.75g+0.5L at fixed L/g
=0.75, where \p is the wavelength corresponding to peak frequency, g the
periodicity constant, and L the length of the square opening.

V. PEAK RESONANCE FREQUENCY AND EMPIRICAL
FORMULA FOR 20 TO 0.2 THZ RANGE

The spectra depicted in Figs. 1 and 2 exhibited a band-
pass response over a large range of periodicity constants:
from 12.7 to 1270 um. The overall bandpass envelope,
though, is split by a dip in the transmission curve. The trans-
mission envelope peak is assigned to the resonance fre-
quency wp for the k=0 mode at normal incidence. The cor-
responding resonance wavelength \p depends linearly on
periodicity constant g and length of opening L. An empirical
formula X\ p=0.75g+0.5L for (L/g=0.75) represents well the
experimental data over two orders of magnitude of the peri-
odicity constant. The values of the empirical formula are
listed in Table I and plotted in Fig. 13. The dependence of
the resonance wavelength on L at a given value of g was also
calculated using the TLM program, and the results are plotted
for L/g=0.6, 0.75, and 0.9 in Fig. 14. Screens 2000 to 200
exhibited a small modification (albeit linear) to the empirical
resonance wavelength value when the opening to periodicity
ratio deviated from 0.75.

VI. DISCUSSION

Despite attracting renewed interest in recent years, the
scattering problem by subwavelength screens dates back to

160

140 /—

120

s Lig=0.6_ =~ Lig =0
80

60
40 -
20 - &
0 T T T T T T
0 20 40 60 80 100 120 140

Periodicity constant g [um]

Peak Wavelength [m]

FIG. 14. Simulations: Peak resonance wavelength as a function of g and L.
(Dark gray triangles) L/g=0.6. (Black circles) L/g=0.75. (Light gray
squares) L/g=0.9.
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the 1960s. While many competing claims have been made in
the past, the transmission of screens in the long wavelength
region at normal incidence seems to stem from a standing
wave resonance close to the SP waves, which is coupled by
the modes within the screen openings. The frequency of the
resonating waves is obtained from the solution of the wave
equation and the periodic boundary conditions. Degeneracy
occurs at normal incidence, which is partially removed at
oblique incidence. Then, two resonant frequencies appear.

We set to explore the transmission through thick metallic
screens at oblique incidence for an extremely broad range of
frequencies using several sources and systems. The transmit-
tance of square-shaped metal screens, 2000 to 200 lines/in.,
exhibited a split transmission envelope; the dip appeared for
some screens on the short wavelength side and for others on
the long wavelength side (Fig. 1). To a limited extent, other
recent investigations also found split transmission
features® >* without fully considering its polarization aspect,
or correlating the appearance with the nature of the beam
incident on the sample in the spectrometer used. A similar
feature at N/g>1 has been observed in the past on screen
500,"” and was assigned to Wood’s anomaly. However, being
of diffractive nature, Wood’s anomaly is restricted to the
spectral region of A/g=1.

Typical spectrometers in the IR wavelength region al-
ways have a fraction of noncollimated incident beam at the
sample holder position. In a focused beam, a p-polarized
component will always be present at the local plane of inci-
dence regardless of the polarizer used (Fig. 10). While we
concentrate on the transmission properties of screens, we
ought not to forget their filter characteristics. These may be
conveniently modeled by a phenomenological linear rela-
tionship with excellent agreement with experiment, spanning
over many decades of frequencies (Figs. 10 and 13).

VIl. CONCLUSION

We have investigated bandpass filters made of thick
metal screens. The experimental data exhibited a peak trans-
mission split. Through experiments and simulations, we have
established that this peak split occurs for the p-polarized
component of the incident beam at oblique incidence. An
empirical formula has been developed for the peak transmis-
sion wavelength of square-shaped screens.
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